Neosiphonia japonica is a rhodomelacean red alga that occurs in Korea, Japan, China, far-east Russia, northwest America, and New Zealand. Although it is distinguished by a bush-like habit having four pericental cells with cortication and numerous branches on axes, the taxonomy of N. japonica is still problematic. To investigate the taxonomy and phylogeny of the species, we analyzed rbcL and phycoerythrin (cpeA/B) genes from 19 samples of N. japonica and putative relatives. Phylogenetic trees from both genes show that N. japonica from Korea, Japan, New Zealand, and USA is clearly separated from N. decumbens, N. harlandii, and N. flavimarina from the Pacific Ocean. Instead, N. harveyi from the Atlantic Ocean was more related to N. flavimarina than to N. japonica. This result supports morphological and distributional differences between N. japonica and N. harveyi. However, the close relationship between these species suggests that they might have a recent most common ancestor. This is the second report to use the cpeA/B gene for evaluating species diversity in the Rhodophytes.
INTRODUCTION
Neosiphonia M.S. Kim et I.K. Lee is a rhodomelacean red algal genus that is commonly encountered in the intertidal zone of temperate waters in the world. The genus Neosiphonia, which was established based on species previously named under the genus Polysiphonia, is well distinguished by procarps bearing a three-celled carpogonial branches, spermatangial branches arising from a branch of the trichoblasts, and tetrasporangia arranged in spiral series (Kim and Lee 1999) . The phylogenetic difference of Neosiphonia from Polysiphonia is clearly shown by both cladistic analyses of morphological features and phylogenetic analyses of nuclear ribosomal small subunit (SSU) region sequences (Choi et al. 2001) . Recently, Neosiphonia is found in Malaysia (Masuda et al. 2001; Tani et al. 2003) , Vietnam (Abbott et al. 2002) , Brazil (Guimarães et al. 2004) , Hawaii (Kim and Abbott 2006) , and Japan as well as Korea (Kim 2005) . To date, 22 species previously placed in Polysiphonia have been transferred into Neosiphonia and 1 new species reported.
Neosiphonia japonica (Harvey) M.S. Kim et I.K. Lee was originally described from Hakodate, Hokkaido, Japan, as Polysiphonia japonica by Harvey (1856) . The species has a bush-like habit, four pericental cells, cortication on axes, numerous branches, and three-celled carpogonial branches on females. The thalli occur commonly as epiphytes on other seaweeds from Korea (Kim 1995) , Japan (Yoshida 1998) , China (Tseng 1984) , and Pacific Russia (Perestenko 1994) . Despite studies on the morphology (Yoon 1986; Kudo and Masuda 1986; Kim 1995) , life history (Kudo and Masuda 1986) , lectotypification (Masuda et al. 1995) , and distribution (Kim 1995) , the taxonomy of N. japonica is still problematic. Kudo and Masuda (1986) reported that N. japonica (as Polysiphonia japonica) is very similar to N. harlandii (Harvey) M.S. Kim et I.K. Lee, N. decumbens (Segi) M.S. Kim et I.K. Lee, and P. akkeshiensis Segi. Yoon (1986) DNA sequence data are very useful tools for elucidating the taxonomic status of morphologically confused species in red algae, determining which morphological characters are important for recognizing species, and understanding the phylogenetic relationships of species (e.g. Gavio and Fredericq 2002; Seo et al. 2003; Zuccarello and West 2003) . Previously used molecular markers for taxonomy of Polysiphonia and Neosiphonia are proteincoding plastid rbcL (McIvor et al. 2001; Kim et al. 2004; Kim and Yang 2005) and nr DNA SSU region (Choi et al. 2001) .
In the present paper, we analyzed both rbcL and phycoerythrin-coding plastid gene (cpeA/B) from Neosiphonia japonica and we specially pointed out N. decumbens, N. harlandii and N. flavimarina from the Pacific Ocean and N. harveyi from the Atlantic Ocean as putative relatives. The rbcL is one of the most commonly used molecular markers in red algae and the cpeA/B has proved useful for differentiating morphologically similar species and genera of the callithamniod red algae (Yang and Boo 2006) .
MATERIALS AND METHODS

Samples
Specimens, their collection sites, and the GenBank accession numbers of rbcL and cpeA/B sequence data are listed in Table 1 . Samples collected in the field were transported live back to the laboratory in sterilized seawater, and removed organisms attached on the thalli under a dissecting microscope. The cleaned thalli were dry in air and preserved in silica gel desiccant for DNA extraction. All voucher specimens were deposited in the herbarium of the Department of Biology (CNUK), Chungnam National University, Daejon, Korea.
Analyses of the rbcL and cpeA/B sequences
Genomic DNA was extracted from dry thalli ground in liquid nitrogen using the Invisorb Spin Plant Mini Kit (Invitek), according to the manufacturers' instructions. The rbcL region was amplified using primers F7 -R753 and F645 -RrbcS start and sequenced using primers F7, F645, R753, and RrbcS start (Lin et al. 2001; Gavio and Fredericq 2002) . Amplifying and sequencing primers for each of the phycoerythrin gene (cpeA and cpeB) were PE-B5F, PE-B3F, PE-A5R and PE-A3R (Yang and Boo 2006) . The PCR products were purified using a High Pure PCR Product Purification Kit (Roche), in accordance with the users' guide. The electrograms of the forward and reverse strands were constructed for all taxa using an ABI PRISM TM 377 DNA Sequencer (Applied Biosystems) at Research Center, Chungnam National University, Daejon, Korea. The electropherogram output for each specimen was edited using the program Sequence Navigator v. 1.0.1 (Applied Biosystems). The alignment of each gene sequence was based on the alignment of the inferred amino acid sequence and was refined by eye. There were no gaps in alignments of both rbcL and cpeA/B sequences.
Phylogenetic analyses
Three data sets were used for the phylogenetic analyses: 29 taxa for rbcL, 20 taxa for cpeA/B, and 18 taxa for combined rbcL + cpeA/B data sets. We conducted the partition homogeneity test (PHT), implemented in PAUP* 4.0b10 (Swofford 2002) . The PHT was done using 1,000 replicates, each with 100 random sequence-addition replicates using tree bisection-reconnection (TBR) branch swapping.
Maximum parsimony (MP) tree was constructed using PAUP* 4.0b10. Full heuristic search was carried out with 1,000 replicates, random addition sequences of taxa, keeping best trees only, holding one tree at each step, TBR branch swapping, collapsed of zero length branches and MULTREES on. Bootstrap values were calculated performing 1,000 replicates with following options selected: heuristic search, TBR branch swapping, collapse of zero length branches, and random sequence addition with one replicate.
Maximum likelihood (ML) analysis preformed the Akaike information criterion (AIC) method to determine the best-fitting model for each of three data. The model was general time reversible (GTR) model with a gamma correction for among-site variation (Γ) and invariant sites (I). Tree likelihoods were estimated using a heuristic search with 100 random addition sequence replicates, and TBR branch swapping. Bootstrap analyses were undertaken with 500 replicates.
Bayesian analysis was conducted using the GTR + Γ + I model, as was used in the ML analysis. The GTR rates and the proportion of invariable sites value were not fixed. For the data matrix, 1.3 million generations were performed with four chains and trees sampled every 100 generations. The burn-in period can be identified graphically by tracking the likelihoods at each generation. After of preliminary analyses, a burn-in period of 300,000 generations was determined to be appropriate for the data.
The 10,000 trees sampled at stationarity were used to infer the Bayesian posterior probability (BP). Majorityrule consensus trees were calculated using PAUP*.
RESULTS
Characteristics of rbcL and cpeA/B
We determined a total of 29 rbcL sequences from Neosiphonia japonica and putative relatives; 19 sequences were newly determined in the present study, and 10 were derived from the GenBank database. In all, 1245 bp of the rbcL were aligned; 704 sites (56.06%) were variable and 17 sites (1.4%) were phylogenetically informative. There were excesses of adenine (32.33%) and thymine (30.2%) at all codon positions. Transitions were more common than transversions for all codon positions Kim & Yang: rbcL and cpeA/B of Neosiphonia japonica 289 The 922 nucleotides (90.9% of full length, 1014 nt) of the cpeA/B gene were newly determined for 20 taxa. Of these, 610 positions (66.2%) were variable, and 8 positions (0.9%) were parsimoniously informative. There were excesses of adenine and thymine at all codon positions (34.92% and 27.94%, respectively). The transition/ transversion (Ti/Tv) ratio was 3.53. The sequence divergence for the cpeA/B gene within Neosiphonia ranged from 0.1% (between N. decumbens and N. harlandii) to 5% (between N. japonica and N. yendoi). Neosiphonia japonica from Korea and Japan differed by 0.1% sequence divergence. As in the rbcL data set, base composition of the cpeA/B data was slightly AT-biased (Table 2 ). In the cpeA/B data, four specimens of N. japonica were identical, and those from the Shimoda and Chiba, Japan differed by one to two bp. Two N. harlandii specimens, six specimens of N. decumbens, and four specimens of N. harveyi were identical, respectively.
The combined rbcL + cpeA/B data set had 2167 characters, of which 1457 were constant and 18 sites were parsimoniously informative. Other characteristics of the combined data set are in Table 2 .
Molecular phylogeny
The independent analyses of rbcL, cpeA/B, and rbcL+cpeA/B data sets resulted in congruent, though not identical, phylogenetic trees. The statistics for the MP analyses are compared among individual and combined data sets (Table 2) , and the ML trees for all three data sets are shown in Figs 1, 2 and 3 .
The ML analysis of rbcL data showed that Neosiphonia japonica was clearly separated from N. harlandii, N. decumbens, N. harveyi and N. flavimarina (Fig. 1) . The monophyly of each species was supported by moderate BS values (81% for MP, 68% for ML, and 63% for BP). All 290 Algae Vol. 21(3), 2006 specimens of N. japonica investigated here formed a clade, and the species was related to N. harlandii and N. decumbens. The sequences of the specimen from the Sumiyoshi, Hakodate, Japan, the type locality of N. japonica, was identical with Korean samples of the species. Specimens of Neosiphonia harlandii from the southeastern coast of Korea formed a clade (63%/58%/85% for MP/ML/BP, respectively). Specimens of N. decumbens from south coast of Korea were strongly monophyletic (87%/90%/99% for MP/ML/BP, respectively). N. harveyi was closely related to N. flavimarina and two specimens from Japan (94%/91%/100% for MP/ML/BP, respectively). The basal-most taxon of the rbcL tree was the specimen of Shimoda 284 (as N. japonica in McIvor et al. 2001) except N. yendoi as an outgroup.
The analysis of the cpeA/B data is consistent with that of rbcL in recognizing N. japonica, N. decumbens, N. harlandii, and N. harveyi (Fig. 2) . The relationship between N. japonica and N. decumbens was strongly supported (83%/96%/96% for MP/ML/BP, respectively). Specimen from the type locality of N. japonica was identical with Korean specimens, but differed from those from Chiba and Shimoda. N. harveyi was placed in a terminal position and supported by low BS values (62%/64%/59% for MP/ML/BP, respectively)
The topology of the combined data for rbcL + cpeA/B sequences was similar to the rbcL tree than the cpeA/B, but all these trees were congruent in having N. japonica and three distinct species (Fig. 3) . Each species was clearly separated with strong bootstrap values. Neosiphonia japonica was more closely related to N. harlandii and N. decumbens than N. harveyi. However, N. flavimarina, the type of the genus, was closely related to N. harveyi from Atlantic Ocean.
DISCUSSION
All analyses of rbcL, cpeA/B, and combined rbcL + cpeA/B data did not produce any strongly supported incongruent patterns of phylogenetic relationships. These results indicate that the cpeA/B gene is useful for resolving phylogeny of rhodomelacean red algal species. However, the combined rbcL+ cpeA/B data set gives higher bootstrap support values than each of rbcL and cpeA/B data, although the combined trees are more similar to those of the rbcL data. This may be due to the small size of the cpeA/B gene (922 bp), compared to rbcL with 1245 bp. This is the second report to use the cpeA/B gene for investigating species diversity in the rhodophytes (Yang and Boo 2006) .
Our molecular phylogenetic analyses show that Neosiphonia japonica is clearly separated from N. harlandii, Kim & Yang: rbcL and cpeA/B of Neosiphonia japonica 291 N. decumbens and N. flavimarina from the Pacific Ocean, and N. harveyi from the Atlantic Ocean. N. japonica looks less variable genetically, all samples of the species investigated here being almost identical in both rbcL and cpeA/B. Although N. japonica and putative relatives studied here are morphologically similar, sharing four pericentral cells, cortication at the base of thalli, and branches not associated with trichoblasts in their origin, each species is easily identifiable. N. japonica is distinguished by two to four endogenous branches in the same node at the base of the main axis, a Y-shaped ramification at the lower part of thalli, and usually dichotomous branches (Yoon 1986; Kudo and Masuda 1986; Kim 1995) . On the other hand, the species studied here are easily identified based on a combination of characters relating to habit and vegetative morphology. N. harlandii is recognized by distinct main axes, numerous cicatrigenous branchlets, and irregularly alternate branches (Segi 1951; Yoon 1986; Kim 2003) . N. decumbens is characterized by dwarf and decumbent thalli and secund to alternate branches with wide angles (Segi 1951; Yoon 1986; Kim 2003) . N. flavimarina is distinguished by ultimate branchlets abundant, short, obtuse, and spur-like in several orders, short cicatrigenous branching, short segments of L/B < 0.5, which differentiate it from N. japonica and N. flavimarina (Kim and Lee 1999) . N. harveyi is distinguished by a transparent, glassy appearance due to the absence of plastids from outer cell walls (Maggs and Hommersand 1993) . In the present study, it is confirmed that Neosiphonia japonica occurs in the California, USA and New Zealand as well as Korea and Japan. The detailed collections may give more information on its distribution within the Pacific Ocean area. In view point of ecological characteristics, N. japonica is different from N. harlandii, N. decumbens, and N. flavimarina. For example, N. japonica occurs on the east to south coast of Korea and is usually epiphytic on other seaweeds. N. harlandii occurs mostly on the east coast of Korea and the thalli form a mat on rock in exposed areas and N. decumbens is usually found on the south coast of Korea and grows on various seaweeds in sheltered areas (Kim 2003) . N. flavimarina is common in intertidal rocky pools attached to rock or at other plant on the west coast of Korea. Kudo and Masuda (1986) reported that incompletely isolated northern and southern breeding groups between Neosiphonia japonica and Polysiphonia akkeshiensis are present among the local populations studied, which are entirely allopatric. They speculated that natural hybridization between these local populations does not occur and these groups may have reached a certain stage of gradual speciation before morphological differentiation. McIvor et al. (2001) also referred crossability data failed to sample from the Hokkaido breeding group. They suggested that the Hokkaido breeding group has recently extended its distribution in Hokkaido into the range of the Honshu group. In the present data of rbcL ML tree, N. japonica samples from Japan formed a group with little genetic variation. However, in the ML tree of cpeA/B (Fig. 2) , two isolates from Hokkaido, Japan, the type locality of N. japonica, are grouped the clade of N. japonica in the North Pacific Ocean and the clade of N. harveyi in the North Atlantic Ocean, respectively. The cpeA/B's genetic diversity in sympatric samples of Honshu as well as allopatric ones of Hokkaido is consistent with the results of McIvor et al. (2001) . It is possible that we presume the possibility of adaptive radiation in the parapatric region near by Japan where is the center of diversity.
Neosiphonia harveyi was originally described based on specimens from Connecticut, USA (Bailey 1848 ). The species is distributed from the east coast of the North America to the European coast (Maggs and Hommersand 1993) . In both rbcL and cpeA/B trees, no samples from the Pacific Ocean area were included in the N. harveyi clade. The results indicate that the distribution of N. harveyi may be limited to the North Atlantic Ocean area, while N. japonica occurs in the Pacific Ocean area. However, it is interesting that a specimen from North Carolina belongs to N. japonica and a specimen from Japan belongs to N. harveyi.
It is therefore considered that Neosiphonia japonica is a good natural species, which is separated from its similar species in morphology, rbcL and cpeA/B sequences, biogeography, and ecology. On the same token, N. harveyi is limited to the Atlantic Ocean area. The present results do not support the broad concept of N. harveyi by McIvor et al. (2001) , who treated N. japonica, P. akkeshiensis, P. acuminata and P. strictissima as conspecific species with N. harveyi. As McIvor et al. (2001) suggested, Japan is the center of diversity of Neosiphonia. All analyses of the rbcL and cpeA/B data reveal that the branch lengths of N. japonica, N. decumbens, N. harlandii, N. flavimarina, and N. harveyi were short and their genetic divergences were not high. These results indicate that it is possible to define N. japonica and putative relatives as recently diverged species and they might have a recent most common ancestor. They are not cryptic species because cryptic species means morphologically indistinguishable to the researcher examining the population.
In conclusion, even though Neosiphonia japonica has a few characters to delimit species, molecular markers reveal the sequence variation, congruence between two genes, and robust bootstrap support for the lineages. Our results imply that five lineages recently diverged species and they share many of the criteria used to define species. It is unexpected that N. japonica and N. harveyi were closely related to each other because of marine algal species from the Pacific Ocean and the Atlantic Ocean regions. Further studies on the molecular clock for evaluating the evolutionary divergence time between both species and/or within the genus Neosiphonia will be interesting.
